ABSTRACT: Microscopic visualization under load of the region connecting ligaments/tendons to bone, the enthesis, has been performed previously; however, specific investigation of individual fibril deformation may add insight to such studies. Detailed visualization of fibril deformation would inform on the mechanical strategies employed by this tissue in connecting two mechanically disparate materials. Clinically, an improved understanding of enthesis mechanics may help guide future restorative efforts for torn or injured ligaments/tendons, where the enthesis is often a point of weakness. In this study, a custom ligament/tendon enthesis loading device was designed and built, a unique method of sample preparation was devised, and second harmonic and two-photon fluorescence microscopy were used to capture the fibril-level load response of the rabbit Achilles tendon and medial collateral ligament femoral entheses. A focus was given to investigation of the mechanical problem of fibril embedment. Resultant images indicate a rapid (occurring over approximately 60 mm) change in fibril orientation at the interface of ligament/tendon and calcified fibrocartilage early in the loading regime, before becoming relatively constant. Such a change in fibril angle helps confirm the materially graded region demonstrated by others, while, in this case, providing additional insight into fibril bending. We speculate that the scale of the mechanical problem (i.e., fibril diameters being on the order of 250 nm) allows fibrils to bend over the small (relative to the imaging field of view, but large relative to fibril diameter) distances observed; thus, potentially lessening required embedment lengths. Nevertheless, this behavior merits further investigation to be confirmed. ß
The engineering problem of attaching mechanically disparate materials is solved by the body at the connection of ligaments/tendons to bone, a region called the enthesis. In cases of injury or repair, the enthesis fails to restore the properties that made it effective in the first place. For example, in reattaching grafted tissue to replace the frequently torn anterior cruciate ligament (ACL), the entheses are often an early point of mechanical weakness, and rarely have the same histological appearance or mechanical properties as the native ligament. 1 The clinical relevance of ACL injury is well-known. ACL injuries occur frequently (250,000/year in the USA 2 ) and may require reconstructive surgery. Of reconstructions, between 5% and 20% fail post-surgery, 3, 4 often failing at or near the femoral enthesis. 5 In supraspinatus injury, the connection between the native, torn tendon, and bone also fails to regenerate, leading to a few impactful statistics, notably that repeated failure of the reattached tendon occurs in 20-94% of cases. 6, 7 Entheses are generally classified into two types: Fibrous and fibrocartilaginous. Being more frequently injured and more abundant in the body, 8, 9 fibrocartilaginous entheses are the focus of this study. Four zones (ligament/tendon, uncalcified fibrocartilage (UFC), calcified fibrocartilage (CFC), and bone) are usually used to describe this type of enthesis. However, variable sizes of each region and local absences are not infrequent at a given enthesis. 9 Also, precise boundaries between each region are not always evident, the tissues being contiguous with one another and the transition occurring over a small distance, typically between 100 mm and 1 mm. 10, 11 However, at the UFC/CFC interface, the boundary is described as a mineralization front, or tidemark, apparent histologically as a basophilic line. 9 This does not, however, imply a start and stop point of mineralization. As shown by Wopenka et al., 12 the region of the tidemark is more accurately described by a mineral gradient. It has been proposed that the histological tidemark arises from a staining threshold of mineral. 13 Collagen fibrils have been shown to course across the tidemark at angles nearly perpendicular to it. 9, 14, 15 Compositionally, a ligament/ tendon consists primarily of type I collagen, some type III collagen, and elastin; 8, 16 the UFC of proteoglycan aggrecan and types I, II, and III collagen; 8, 17, 18 and the CFC of a mineralized matrix of mainly type II collagen, with some type I and type X collagen. [19] [20] [21] From a mechanical perspective, the challenge of attaching ligament/tendon to bone is mainly attributed to the development of stress concentrations that occur at the boundary of hard and soft materials, motivating substantial effort to understand enthesis mechanics.
Considering these studies and others together reveals the enthesis to accomplish load transfer via a specialized transition/gradation in organic and inorganic composition, gross morphology, and fiber organization. One mechanical problem yet to be investigated is that of fibril embedment, providing the initial impetus for this study. Drawing parallels between engineering problems of embedment (e.g., reinforcing bars in concrete, 26 fibers in composite matrix 27 ) and the enthesis, the effective stress transfer at the fibril-level of an enthesis can be seen to depend upon numerous parameters (e.g., elastic modulus of fiber and matrix, fiber volume fraction, and embedment length). What is strikingly odd about the enthesis is the apparently short embedment length of fibrils, 500 28 and 380 mm, 11 for example (values estimated implicitly from the work of others). One might postulate that deeper embedment be required to lessen interfacial stress demands. Furthermore, although microscopic observation of enthesis deformation under load has been accomplished by confocal microscopy, 29 individual fibril deformation at the enthesis under load has not, to our knowledge, received substantial discussion.
Thus, the objective of this work was to make use of a novel custom-built loading device and the multiphoton microscopy modalities, second-harmonic generation (SHG), and two-photon excitation fluorescence (TPEF) to visualize the response of the fibrils at the rabbit Achilles tendon (AT) and medial collateral ligament (MCL) femoral attachment under load. SHG and TPEF employ different contrast mechanisms, thus enabling the identification of potentially different tissue constituents. 30 Whereas, for a given tissue sample, SHG signal may result from fibrillar structures (e.g., collagen), TPEF may result primarily from intrinsic fluorophores. 31 This visualization was intended as a means of investigating fibril embedment, and providing a new perspective on enthesis mechanical behavior. The specific hypothesis was that fibrils will reorganize to sustain load, but will maintain some bending radius toward the CFC region to mitigate required embedment lengths.
METHODS

Animal Model
The hind limbs of rabbits were harvested for secondary use in accordance with a protocol approved by the University of Calgary Animal Care Committee and in compliance with the guidelines of the Canadian Council on Animal Care. All rabbits were skeletally immature (approximately 5 months of age) female New Zealand Whites. Limbs were stored frozen (À20˚C). Rabbit MCL femoral entheses (n ¼ 8) were chosen for being representative of other entheses in the body in terms of tissue phenotype and cellular characteristics, 32, 33 for the relative ease with which they can be mechanically tested, as well as being accessible in dissection. The rabbit AT enthesis (n ¼ 5), in addition to being similarly amenable to mechanical testing, was chosen to provide a comparative tendon attachment.
Sample Preparation
For MCL specimens, after all tissue excepting knee ligaments and menisci had been removed, the femur was affixed at approximately 110˚of flexion, an angle chosen in an effort to ensure that imaged fibers would be engaged in loading (based on Matyas 32 ). To hold the joint in this position for subsequent preparation, a 1.6 mm diameter Kirschner wire (style 7; Zimmer Inc., Warsaw, IN) was passed through the joint from the anterior femur to the tibial tuberosity. A hand-held bone saw was then used to transect the long bones near the joint.
Samples were positioned in bone pots secured to a preparation jig and fixed in place using bone cement (polymethylmethacrylate) such that the MCL's longitudinal axis would be approximately parallel to, and in-line with, the loading axis of the loading device. Once the cement had hardened, the Kirschner wire was removed and a combination of a jeweller's saw and a rotary tool (Dremel MultiPro Model 395; Robert Bosch Tool Corp., Mount Prospect, IL) was used to recess an area around the femoral enthesis by 1-2 mm. Finally, an imaging plane was created by tapping a razor blade with a mallet through the now protruding enthesis (Fig. 1a) . Figure 2 provides a visual depiction of this entire procedure.
The method of preparation for AT specimens employed similar techniques with a few differences. Once all tissues excepting the AT had been removed, the tendon, and calcaneus were transected distal to the enthesis. An 18-gauge needle (PrecisionGlide; Becton Dickinson and Company, Franklin Lakes, NJ) was placed perpendicularly (to calcaneus and tendon) through the tendon near its transected edge, and a series of knots tied immediately distal to it with cotton thread. The tendon-bone construct was secured in the bone pots at approximately a 90˚angle (the needle provided a surface for adherence of bone cement). Due to the loading geometry of this enthesis, there was little concern with regard to engaging imaged fibers under load. The imaging plane was prepared in the same way as for MCL specimens (Fig. 1b) .
Microscope Parameters
Two microscopes were used in this study. The first, used to image MCL specimens, consisted of a 25Â/1.05 numerical aperture (NA) water-immersion objective lens (XLPLN25XWMP2; Olympus Corp., Tokyo, Japan) mounted on a laser scanning microscope (LSM) (Olympus FVMPE-RS; Olympus Corp.). Two filter blocks differentiated between SHG and TPEF signals (FF01 400/40 and FF01 520/60 respectively; Semrock Inc., Rochester, NY) upon excitation by two lasers (Insight DeepSee and Mai Tai DeepSee; Spectra-Physics, Santa Clara, CA) tuned to 800 and 940 nm, respectively. The second, used to image AT specimens consisted of a 20Â/1.0 NA water-immersion objective lens (W Plan-Apochromat; Carl Zeiss Inc., Oberkochen, Germany) mounted on a LSM (Zeiss LSM 710; Carl Zeiss Inc.). Two custom filter blocks differentiated between SHG and TPEF signals (390/11 and 525/40 nm, respectively) upon excitation by a laser (Coherent Ultra FS Pulsed IR Laser; Coherent Inc., Santa Clara, CA) tuned to 780 nm.
For MCL specimens, fluorescent microbeads (FluoSpheres Polystyrene Microspheres, 1.0 mm, orange fluorescent (540/560), Thermo Fisher Scientific Inc., Waltham, MA) were placed at the distal and proximal edges of the enthesis as approximated under a dissection microscope (Zeiss SteREO Discovery V8, Carl Zeiss Inc.). The bone pots and joint were then placed in the loading device.
At each microbead location a stack of images was taken, and the horizontal coordinates (x, y) of the microscope stage recorded. Subsequently, the stage was moved into a position displaying one of the regions suitable for imaging, and the ENTHESIS MICROSCOPIC LOAD RESPONSE stage coordinates recorded. The microbeads and stage locations collected for the MCL allowed estimation of the region along the enthesis being imaged (see the Post-Processing section). The final specimen set-up is displayed in Figure 3 .
For AT specimens, microbeads were not employed, but stacks of images were taken at both margins of the enthesis, before a suitable area between the two was settled on for experimentation. AT specimens had a recognizable and simple geometry permitting images to be taken near the center of the enthesis, in plane, with confidence.
Loading Protocol
A linear drive (100cri; Siskiyou Corporation) was activated until a load of approximately 0.5 N was observed. This was considered "ligament zero," or the point at which there is approximately zero strain in the ligament. This load was determined by a series of tests in which no joint sample was present, and it arises from inherent system resistance-friction between the rail and guide. This can be understood by examining the set-up in Figure 3 : the load cell is placed between two guides, so when the device is tensioned in the absence of a sample, the load cell measures a small load. Application of this load ensured that the slack in the system at the load cell was eliminated. Nevertheless, the method is approximate, individual ligament samples may have been in minor tension or no tension at ligament zero.
At this position, an "unloaded" image stack was taken to about 100 mm. Time series were acquired at 0.931 frames/s and 100 s recording time. Immediately after the series was begun, the ligament was loaded at approximately 8.5 mm/s to approximately 600 mm (corresponding to approximately 2.5% strain). The entire process (stack and series) was repeated up to 1200 mm total deformation (corresponding to approximately 5% strain). Five to six minutes elapsed at pauses in loading (i.e., while stacks were being collected). Deformations were recorded from a digital readout (DR1000; Siskiyou Corporation) at every pause in loading. For AT specimens, differences were as follows. Time series were acquired at 1.56 frames/s and 90 frame recording period. Immediately after the series was begun, the ligament was loaded to approximately 700 mm (corresponding to approximately 2.5% strain). The entire process (stack and series) was repeated up to 2100 mm total deformation (corresponding to approximately 7.5% strain).
Post-Processing
Upon completion of multiphoton imaging, samples were returned to the preparation jig and imaged with a stereomicroscope (Zeiss AXIO Zoom V16; Carl Zeiss Inc.). These images were used to define the macroscopic geometry of specimens. The image of a microbead location (for MCL specimens) was opened in ImageJ (NIH open source software), and the coordinates of the bead relative to the FOV dimensions were measured. Images of the gross enthesis geometry were imported to AutoCAD (AutoCAD 2016 SP1; Autodesk Inc., San Rafael, CA) and appropriately scaled. Thus, the approximate FOV for the loaded multiphoton images could be overlaid on the gross geometry. A custom MATLAB (Version R2016a; MathWorks Inc., Natick, MA) code was developed to match the frame of a time series to the approximate deformation of, and the load being carried by, the ligament.
RESULTS
Images of static, unloaded MCL and AT specimens are represented in Figures 4-6 . Features of potential interest are evident across all static images. Most obviously, a fluorescent boundary can be observed distinctly on the TPEF channel, as well as (to some extent) on the SHG channel. The boundary manifests as a smooth line that courses transversely to the primary fiber direction, and that appears abruptly at the level of magnification used here (the use of the term "abrupt" in this article is used only in a qualitative sense to describe this boundary as it appears in imaging, it is not meant to imply an immediate change in tissue properties). A few sparse, highly fluorescent fibers appeared on the TPEF channel on both sides, and crossing the fluorescent boundary of MCL samples 
DISCUSSION Observations Without Load
Multiphoton imaging of the rabbit MCL femoral enthesis in a static position revealed a highly fluorescent boundary on both the SHG and TPEF channels. The relative smoothness and abruptness of this boundary, as well as the shape of cell lacunae in its vicinity, are indicators of the commonly referred to tidemark, identified histologically. 9 Similarities can be observed between these images and those of others that reference a tidemark or mineralization line and employ multiphoton microscopy (e.g., enamel-dentin interface of the tooth, 34 calcified-uncalcified cartilage interface at the equine metacarpophalangeal joint 35 ). The focus of these researchers was not on ligament/tendon interfaces; however, histological study has shown the tidemark of articular cartilage to be continuous with that of fibrocartilaginous entheses, provided they are in close proximity. 15 Hence, it may be possible that the fluorescent boundary comprises a part of the tidemark of the enthesis, with the bony side representing the CFC. The tidemark has most often been described as a basophilic line representing an increase in mineral content. 9 However, in a multiphoton study of the tidemark of articular cartilage, Mansfield and Winlove 35 remarked that demineralized samples retained the characteristic fluorescence of native samples. The authors proposed that the autofluorescence observed on the TPEF channel may be caused by cellular debris and/or increased collagen cross-linking. 35 Nonetheless, the fluorescent boundary as evidenced in this study appears to have a mechanical role. Further attention to the factors causing the multiphoton signal apparent in this study is required (with particular attention given to ligament/ tendon entheses).
The presence of elastin at fibrocartilaginous entheses has received little attention, possibly given the relatively minute amounts that are uncovered using immunohistochemistry, 25 and difficulties specifically staining elastin for light microscopy, as well as for being refractory to most electron microscopy stains. 36 However, a multiphoton approach has shown that 
ENTHESIS MICROSCOPIC LOAD RESPONSE
elastin produces a strong, characteristic TPEF signal facilitating its visualization in many tissue types (e.g., cartilage, intervertebral disc, adipose, chordae tendinae, dermis, ligament). [36] [37] [38] [39] In accordance with these observations, elastin fibers may be responsible for the appearance of such highly fluorescent fibers in the imaging sessions of this study. Elastin fibers have been shown to enhance the longitudinal mechanical properties of ligaments 40 and ligament resistance to shear and transverse loading; 37 however, their possible presence and role at the enthesis merits further investigation.
Observations With Load
A qualitatively rapid (occurring over approximately 60 mm) fibril angular reorientation with load was observed at the fluorescent boundary with the exception of two MCL specimens, where a relatively more gradual (occurring over approximately 130 mm), reorientation was observed. Whether one behavior is more physiological than the other is not obvious. However, persistent crimp on the ligamentous side of the fluorescent boundary makes the latter response to load suspicious. Conversely, in the remainder of samples crimp appears to be mostly extinguished under load (fibrils appear taut and engaged).
Assuming such engagement represents true behaviour, the rapid transition appears to align with the mechanical theories and observations of others. A small mineralization gradient has been shown between UFC and CFC regions (e.g., 120 mm in the rat supraspinatus, 12 20 mm in the mouse supraspinatus 41 ), over which a drastic increase in stiffness occurs. 42, 43 After quantifying changing collagen orientation and mineral content across the rat supraspinatus enthesis, Genin et al. 23 developed several FE models of individually mineralized fibers. The models suggest that substantial stiffening of a fiber, as a result of increasing mineralization, does not occur until after a percolation threshold is reached (i.e., a mineral concentration at which a continuously mineralized network is formed). The group also showed that fiber orientation across the enthesis can vastly decrease stiffness in the absence of mineral for small angular changes. Although not investigated in this study, the presence of a similarly small mineral gradient and percolation threshold (as well as observance of the large initial angular difference between fibril and loading axis at the rabbit MCL and AT) would support the observed fibril bending. Fibril ends very near the fluorescent boundary, but at the far end of the mineral gradient could then undergo the relatively large deformations observed. The rate of fibril angle change at a similar fluorescent boundary is not explicitly discussed in work by Rossetti et al. 29 on the porcine AT enthesis, wherein the enthesis was viewed with confocal microscopy under incremental strain. However, observation of supplemental video from this study shows comparable movement at the tendon-bone interface, corroborating the results of the present study. Additionally, these authors demonstrated that not all portions of the enthesis are engaged equally in carrying load, but that engaged portions change when the direction of load application changes. Thambyah et al. 44 remarked similarly, fixing bovine MCL entheses in tension before microscopically imaging them, and showing some subjective evidence of the behavior seen in this study. 44 Results like these may indicate that the MCL samples with the appearance of a very gradual change in fibril orientation are those where the imaged fibrils are not the ones primarily responsible for load transfer.
In relation to the hypothesized problem of fibril embedment, the relative scale of the structures involved in load transfer at the enthesis may form a partial explanation. The following are simple, somewhat analogous engineering examples, meant solely to help describe what the basic mechanics of the observed behaviour might imply (the true mechanics are likely more complex). A suspension bridge tower cable saddle, for instance, provides a simple means of understanding rapid bending of slender objects. For a given load and cable diameter, a minimum radius/curvature is required of the saddle to prevent exceedingly large bending stresses. Applying the same theory to a collagen fibril at an enthesis, where diameters are exceedingly small (e.g., 250 nm 45 ), would indicate a very small (relative to the imaging field of view) required bending radius. Looking closely at Figures 7 and 8, such small bending radii are evident. Subsequently, it may be helpful to think of a fibril transitioning and embedding into CFC as a belt passing over a pulley of given radius, the simple physics of which are part of many engineering statics textbooks. The belt places the pulley into compression, thereby generating frictional forces that act to lessen tension in the belt as it passes over the pulley. In a similar way, fibrils may be benefiting from matrix compression resulting in some resistive action with the matrix that acts to reduce fibril tension, and thus embedment lengths. Hang et al. 46 demonstrate the relevance of these kinds of nanoscale mineralized fibril-matrix interactions in their atomic force microscopy work. The movement observed in this study would not imply a static/fixed fibril-matrix interaction as in the example of a fixed pulley, but rather some relative sliding (occurring nearer the ligamentous side). Further, the nanoscale integration of mineral and collagen suggest that transitioning fibrils and matrix may be considered closer to one material than to two separate materials (occurring nearer the bony side). 47 A combination of relative movement, matrix compression and integration, however, may still contribute to lowering embedment requirements. An additional parameter relevant to the size-scale of fibrils is that of fibril density. Considering a simplified 2D problem consisting of a fixed area containing some number of fibrils, with the remainder occupied by matrix, it can be shown that for the same proportion of fibril to matrix area, the surface area of fibrils (as indicated by circumference) varies as a function of the square of the number of fibrils. An area containing one fibril, for instance, will have half the surface area as an area containing four fibrils, provided that the overall area of the one fibril equals that of the four fibrils. At the enthesis, a relatively high density of fibrils would effectively increase the surface area available to develop interfacial shear stresses, hence lowering them in an average sense and reducing embedment lengths. Such a mechanism has been postulated previously by Rossetti et al. 29 who demonstrate fiber unravelling/thinning across the enthesis for porcine AT. We acknowledge, however, that a collagen fibril is neither a cable nor a rope and its interaction with surrounding matrix is not simply mechanical, nor at the scale described.
The combination of a size effect (i.e., fibrils requiring a small radius of curvature, and a high density of fibrils) and pulley action may partially explain the observed patterns of deformation at the enthesis, however, at this time, these ideas are speculative.
Limitations
The necessity of creating an imageable tissue plane also meant the creation of a free fluid boundary. Without overlying tissue to inhibit fluid flow, the native mechanical characteristics at the imaged surfaces may have been altered. Nevertheless, the current method is useful as it is representative of steady-state behaviour (e.g., under sustained load, or after numerous load cycles, thereby allowing fluid to exude from the ligament substance). Movement out-of-plane with loading often occurred to some degree, despite mitigation efforts made in the loading device design. For this reason not all fibrils apparent at one load increment are apparent at others.
Tissue use for this project was constrained to that of immature rabbit MCL and AT, as a result of the availability of secondary use animals. Age, animal, and tissue therefore may all have some effect on the obtained results. With regards to age, Matyas remarked that the rabbit femoral enthesis undergoes relatively minor changes during maturation, 32 while in their review, Kilborn et al. 48 found that sexual maturity coincided well with closure of the rabbit femoral growth plate at 5.3 months of age on average. Liu et al. 41 demonstrated that the size and composition of the graded region between tendon and bone at the mouse supraspinatus enthesis does not change significantly with growth. Furthermore, Woo et al. 49 showed that material properties of developing rabbit femur-MCL-tibia complexes changed only slightly, and that failure was not identified at the femoral enthesis before 6-7 months of age. Similarly, Nakagawa et al. 50 showed that immature rabbit ATs never failed at the enthesis. Thus, implicitly, these observations support that the MCL femoral enthesis, is relatively static during growth, and that the samples used in this study demonstrate behaviour typical of fibrocartilaginous entheses in general.
Future Directions
The work described here provides multiple avenues for further research. For example, the validity of the proposed size effect and pulley action as mechanisms of load transfer merits further investigation. While the rabbit MCL femoral and AT entheses displayed similar behaviors, it cannot be said that all entheses behave in this manner. It would be worthwhile to test different entheses and different animals. Comparison of healthy, re-attached, and re-attached (with therapeutic treatment) entheses would also be of interest. Lastly, the imaging and loading method could be employed to analyze in situ cellular strains under load at the enthesis, and how these strains change along its length, often a key part of developing effective tissue engineering strategies. In combination with appropriate modeling, the approximate stress field applied to a cell could be achieved.
CONCLUSIONS
The clinical relevance of the ligament/tendon attachment problem, and the scarcity of microscopic observations of entheses under load motivated this study. To our knowledge, these results represent some of the first observations of a ligament/tendon enthesis under an applied load, in real-time, at the level of individual fibrils. The results indicate that the hypothesis (that fibrils maintain a gradual transition toward the CFC) may be correct; in conjunction with the results of other studies, the orientation change at the fluorescent boundary is supported. The findings of this study further support that the rabbit MCL femoral and AT entheses initiate short-length, carefully adapted fibrilmatrix interactions to permit effective load transfer (i.e., over small embedment lengths at a region that undergoes repetitive tensile and rotational strain). Overall, this study contributes an experimental device and method, as well as ideas relating to the load response, which are intended to serve as a basis for furthering understanding of enthesis mechanics.
AUTHORS' CONTRIBUTIONS
JLS developed and executed the research study and wrote the initial manuscript. ZA operated microscopy equipment. SHA assisted in preliminary experimental design and data interpretation, MX with equipment design, SK and JC with data collection. DAH and NGS supervised the study and reviewed the manuscript. All authors approve of the submitted version. 
